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SUMMARY

This is the final report covering the research conducted
on methods for determining blood flow through intact vessels
of experimental animals under conditions of gravitational
stress and in extra-terrestrial space capsuleséﬁ Much of the
work of this project was devoted to the understanding of the
basic principles and limitatiogs of measuring blood flow util-
izing the technique of Faraday,j Since the latter stages of
research were entirely given toﬁfhe development of a stable,
accurate blood flowmeter, this report is devoted only to an
accurate account of it.

The project was not limited to the study of blood flow-
meters, but encompassed several other investigations, some
of which were purely physiological in nature. These researches,
including those blood flow studies which led to the final
flowmeter development, have already been reportedl"lo in

entirety. Included are:

Experimental and analytical studies of auto-regula-
tion of the myocardial vascular bed and the relation of
organ blood flow to levels of physiologic activity;1:2:455857

An investigation of the hemodynamics of blood flow
through the liver;2’8

A preliminary examination of the conceptual basis,
construction, refinement and use of an electrical ana-
logue of the pulmonary circulation;Z2:®

The theory and prototype construction of an implant-
able blood oxygen saturation sensor and hermatocrit sensor
utilizing optical backscatter techniques;?2

!  For numbered references, see Sec. IV,

F/168 -iii-



COLUMBIA UNIVERSITY—ELECTRONICS RESEARCH LABORATORIES

An experimental design of the assessment of the
effects of sustained space flight on physiologic per-
formance;®

An analysis of orbiting systems for sustained (30 -
90 day) orbital studies of primates;3

2 10
1,253, such as the

Fundamental flowmeter studies
effects of radial asymmetry of flow profile on the in-
dication of electromagnetic flowmeters;

Development of preliminary model blood flowmeters
including results; 2223

Development of a flight model blood flowmeter and
its use on Rhesus monkeys with chronically implanted

probes.

As previously stated, this final report deals only with
the development of a stable, accurate electromagnetic blood
flowmeter. Although time did not permit the use of the de-
vice chronically implanted in animals, it was adequately
demonstrated with one of the preliminary models that the
techniques, devised to obviate the effects of artifact sig-
nals, did work. These signals have adversely affected sim-
ilar flowmeters. Some difficulty was experienced with the

probe magnet driver circuit and a better design is indicated.f

.

The use and refinement of the techniques employed in
this meter are recommended to other researchers engaged in
blood flow studies.
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I. GENERAL INTRODUCTION

Experience with the Flowmeter Model A previously de-
scribed! has vindicated the basic condition upon which it
was based - that the magnetic field, though alternating
rapidly should be constant during the time that the elec-
trode signal is sampled and averaged. If this condition
is met, then any signal at the electrodes which is synchro-
nous with the sampling program will be solely a consequence
of flow and not the result of the probe acting as a trans-
former. Experience with the earlier model has indicated
that transformer action can be rendered negligible, as by
means of split electrode leads and a balancing potentiom-
eter, only in a static and therefore unrealistic environ-
ment, The mere presence of the hand near a probe which had
been balanced in a saline bath would induce a shift from
Zero indicated flow to as much as 20 per cent of maximum
rated flow, There is some evidence that this "proximity ef-
fect" can be reduced by making the field more uniform but
this leads to probes of intolerable bulk,

Once the idea of residual magnetic coupling in the probe
was accepted, the manner in which the associated electronic
circuits in the Flowmeter Model A converted these coupled
signals (proportional to the rate-of-change of flux) into
the equivalent of flow induced signals was investigated,
Circuits were devised which displayed a high degree of im-
munity to coupled signals (spikes) having amplitudes of sev-
eral hundred times that of the maximum average flow signal
likely to be produced in vivo. Construction of a Flowmeter
Model B was undertaken with a view to demonstrat-
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ing the most versatile of these circuits and to determining
thereby those values of certain parameters which are opti-

mum in practice.

In special applications, where, for example, a fixed
repetition rate or only a single probe is required. adequate
precision may be afforded by the simplest circuits discussed
here. In any case the design of a flowmeter of minimal com-
plexity may now be contemplated with a foreknowledge of the
precise mechanism of the residual errors to be expected and

the cost of reducing them.

-2= F/168
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II. METHODS OF ARTIFACT COMPENSATION

A, RECEIVER AND ARTIFACT PROBLEMS

1, Review of the Receiver Problems

The electromagnetic blood flowmeter depends for its
operation upon the fact that a voltage is induced in a con-
ductor when it moves in a magnetic field. In the device to
be described, the moving conductor is blood and an electro-
magnet produces the field. Connections to the blood are pro-
vided indirectly through the blood vessel walls by means of
electrodes which are an integral part of the magnet support

structure. The completely sealed assembly is called a probqéj

The flow-induced component of the electrode signal
is usually very small compared to the galvanic, EKG, EMG,
equivalent amplifier drift and other noise components. The
receiver amplifiers required to bring the flow component up
to a measurable size would be saturated by the sum of the
other components unless these components were attenuated
sufficiently. Such attenuation may be accomplished by high-
pass coupling. This is feasible because the flow component
can be translated upward in frequency, by modulation, inde-
pendently of the others. This independent modulation can be
achieved because the flow component alone is strictly pro-
portional to the magnetic field. The required alternating
field can be produced by an appropriate current in the
electromagnet, and the flow component separated with great
precision by synchronous demodulation. The foregoing is
summarized in Fig. 1.

F/168 -3-
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The changing field induces an undesired signal in
the inevitable loop (see Fig. 2) formed by the electrode
leads. This signal can be minimized under static conditions
if the probe has a split electrode lead connected to the
ends of a potentiometer used to balance out the induced
signals. But in vivo the orthogonality of the magnetic axes
of the electromagnet and the electrode loop is rapidly and
continuously being disturbed.

So, while the alternating field enables the separa-
tion of the flow signal from the overpowering noise, it also
produces a signal, the artifact, at the electrodes which is
(1) proportional to the rate-of-change of magnet flux, (2)
has an unpredictable envelope, and (3) is objectionable
because it is itself capable of saturating amplifiers, and,
being synchronous, it can give rise to false indications of
flow. It will be shown that these objectionable qualities
can be negated,

Since an error-free indication of flow cannot be
obtained during the time that the magnetic flux is changing,
this time must be minimized., One can do no better in this
respect than to apply the maximum permissible voltage to
the electromagnet until the change is complete. If the
inductance of the electromagnet is constant and its re-
sistance is negligible,then a current waveform which is
trapezoidal can be shown to be optimum, Whatever the shape
of the voltage applied to the magnet, or induced as a
result at the electrodes at this time, it will be called a
"spike" or in the latter case, an artifact. A signal pro-
portional to the derivative of the spike may also appear as
a result of stray capacity, but this has been found experi-

mentally to be without effect upon flow measurement.

F/168 -5-



COLUMBIA UNIVERSITY—ELECTRONICS RESEARCH LABORATORIES

e (T )
[~ %
L~
@ ’ e

A-162-S-0198

FIG. 2 PROBE GEOMETRY
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2. Effects of the Artifact

Modulation of the flow signal does permit high-
pass coupling in the electrode-amplifier-sampler chain and
thereby minimizes the time during which amplifier saturation
occurs as a response to useless DC and low-frequency signals,
but the output of a high-pass network after the end of an
input spike approaches zero asymptotically. This suggests
that the start of the sampling interval should be delayed
to allow for appreciable decay of the unwanted signal or
"tail." It is important to utilize as much as possible of
the "non-spike" time for sampling and averaging the "flow"
signal, Averaging (or filtering) is important because the
signal is corrupted by high frequency noise, and by signals
roughly proportional to the derivative of the low frequency
noise, (The cause of the latter will be detailed in the
general discussion of demodulators (Section III-C.3).)

In simple cases tails may be called negative or
positive according to whether they result from high-pass or
low-pass networks as illustrated in Fig. 3. Under typical
conditions the errors stemming from the use of such high-
pass networks as are necessary can be as great as 20 per
cent of full scale, while those resulting from the high
frequency limitations of amplifiers (low-pass errors) are
easily made negligible.

B, COMPENSATION TECHNIQUES

1. Compensation by Sampling Network

In this scheme the spike which appears along with
its tail at the output of the high-pass is switched into a
similar network and the results are subtracted as shown in
Fig. 4. The a priori knowledge of spike arrival time is

employed to preconnect the composite signal to a network

F/l68 -7-
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H'(s) which then produces a tail, proportional to the spike
area, which is simultaneously subtracted from the original
signal. When the transient pulse is relatively narrow and
the distortion of this pulse is due almost exclusively to

the high-pass characteristic of H(s) the adjustments neces-
sary for the tails produced by H{(s) to be cancelled in eifect
by those produced by H'(s) are not especially critical.

This scheme has the further advantage that the spikes tend

to cancel each other, This may permit high-pass coupling

of the resulting signal without further compensation. More-
over, it reduces the compliance which is required of succeed-
ing stages because of the artifact (spike) signal alone.

2. Compensation by Passive Network

Under the conditions of (a) constant repetition
(carrier) frequency and (b) constant spike width a positive-
tail-making low-pass network may be found which will compensate
for a negative tail, caused by previous high-pass network(s),
and vice versa. The compensating network is simply placed any-
where in the signal chain. Though the determination of the
proper time-constant for the network may be computationally
outrageous, it is experimentally trivial - a single RC low-
pass network having been found sufficient to compensate pre-
cisely for the sequence of seven high-pass interstage networks
in the Model A Flowmeter' under the stated conditions. Typi-
cally, the average value of the output over the sampling
interval is zero, while the function, except at one point,
is not.

Fairly good results may also be obtained with the
type of circuit suggested by Fig. 5(A) which, for signals

-10- F/168
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which are narrow spikes, produces output waveforms corres-
ponding very closely to those of the network shown in Fig.
5(B). The latter network can be made absolutely distortion-
less by setting the two RC products equal. This scheme,
in comparison with the preceding one, has the advantage of
being more simple but the disadvantage of being more critical
in adjustment. In principle, a network could be found which
would allow some variation in conditions (a) and (b) for a
given error tolerance. However, this is a problem in time-
domain synthesis which may leave one, after much speculation
and computational labor, far from an optimal solution except
in a limited range of conditions.

3. Compensation by Active Network

The response of a linear network to a rectangular
pulse has a tail unless, of course, the network is "flat,"
i.e., equivalent to pure amplification (and/or time delay
which we shall ignore). Hence, one way to compensate for
tails is to insert an inverse network somewhere in the
signal channel. If, in Laplace transform notation, the
existing network is described by H(s), then F(s) must
be found such that H(s)*F(s) = 1. If the low-frequency
attenuation of a high-pass network is compromised by the
addition of r; shown in Fig, 6, the compensator may take
the very practical form also shown. The conditions for e

4
to be exactly equal to Ke,, assuming that A is real are:

1
™
H

1
e o0
Q

,_l

B2

+

The assumption is quite valid if A represents a DC ampli-

fier because the contribution of this amplifier to the total
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ouput diminishes with frequency and therefore the amplifier
bandwidth need not be very great. Note that because the

relative signal levels in this circuit are as given below,

ARTIFACT LOW FREQUENCY NOISE (FLOW SIGNAL)
e, Large Small (Large)
e, Small Large (small)

most of the artifact signal may be eliminated by means of an
electronic gate inserted where a switch is shown in the

figure. The linearity and gain stability of the gate, if used,
are important because the gate is in the path of most of the
flow information. In other respects this scheme depends

for its precision upon the same factors as does the preci-

sion of an analog computer.

What the preceding circuit lacks is the capability
for handling signals having a relatively large bias, i.e.,
a streaming potential. (See Fig. 1.,) Circuits with such
capability were suggested by a study of the inverses to
strictly high-pass networks such as the following:

NETWORK INVERSE

Single high-pass: H(s) = < i - F(s) = 1 + %

Double high-pass:

H(s)=sia SiB F(S)=l+-a—-!s_—§+g'-g-

Each of these inverse networks is "realizable" to a
high degree of precision by means of integrators. The first
corresponds to the network of Fig. 6, where r, > ». This
implies that B, > O and either B, > - % a,, which is

impossible, or A > », in which case o, > a; and B, > 0.

~1h4- F/168
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The last condition requires that r_ > » and thus the compen-

2

sator contains an integrator. The presence of an integrator

in the path of the meandering electrode signal does not
aggravate the problem of amplifier limiting, but actually
relieves it as will be explained next.

The high-pass elements were introduced originally to

prevent the system from being overloaded by galvanic, low
frequency noise, streaming, and perhaps amplifier drift
potentials. Each integrator in the inverse network tends
to restore these potentials. If this were all it did it
would serve no useful purpose. Limiting must be accepted.

In practice, the limit voltage of an amplifier is set some-
what below that at which saturation of active elements would
occur, by means of an auxiliary biased-diode feedback path.*

The effect of ideal limiting of an integrator in an inverse

network will be described by example.

Suppose that an integrator has an input signal

which would cause its output to exceed its limit voltage in
the manner suggested by the dotted line in Fig. 7. Liniting
takes place from T, to T, (during which time the compen-

sator does not function as an inverse network and tails may

appear ). But integration is resumed as soon as the input
polarity, and therefore the output direction, reverses

(at T2). Afterward, the integrator continues to perform

as it would have if limiting had been prevented by initially
offsetting the output voltage by an exactly sufficient amount

as shown by the dashed line., The effect of the limiter is

therefore to reset the integrator to a new initial condition

which is optimum for the type of signal being encountered.
Since tailing errors are eliminated except during the time

¥ Described in Section II-C.2.

F/168 15-
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that noise crests exceed the limits, these limits should be
set as high as is practicable.

In general the highest order of integration re-
quired in the inverse network is equal to the total number
of cascaded high-pass stages in the network, or, more for-
mally, to the order of the transmission zero at zero frequency.
The second order case is of particular interest because of
its applicability to the design of the flowmeter. An example
of such a doubly high-pass coupled amplifier-compensator
combination, having a low frequency response limited only by
the gain of the amplifiersyused for integration, is shown
in Fig. 8. The first high-pass network consists of C; and

R;; the second, C and R, in parallel with R, . These

2’
correspond to the factors in the network function

S S
»

H(s) = s+a S48

In the compensator, there is an adder with three inputs cor-
responding, from top to bottom, to the three terms in the

inverse function

- Yo, (2.8
Fls) =1+%+ (-3) .

A single diode voltage-limiter serves both integrators in a
manner which has been found to be very satisfactory in prac-
tice.

Cc. IMPLEMENTATION OF A COMPENSATED SYSTEM

1. The Compensator

After its effectiveness had been demonstrated, an
active-network type compensator was chosen for the Model B

flowmeter. It was found necessary for it to be of second

F/168 -17-
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order because two cascaded DC feedback amplifiers are re-
quired to produce sufficient over-all gain, bandwidth and
precision, and the DC offset of each must be nullified. But
it was demonstrated that the same properties as those of the
second order compensator previously described are obtainable
with fewer amplifiers. The design procedure for this compen-
sator was not exhaustive with respect to the choice of net-
work configurations but it is described here because of the
neatness of the result.

The requirement that the compensator perform inde-
pendently of the amount of offset voltage at its input is
satisfied by the assumed configuration of Fig. 9(A). The

transfer function G(s) must be a solution of the equation

(352 +6(s) =1

s
S + Q
and it is assumed to be obtainable by means of a single am-
plifier in the general feedback configuration of Fig. 9(B).
The details of network synthesis are given in Appendix 3,

and Fig. 10 shows the result.

In summary, the inverse-network schemes eliminate
tailing error independently of spike or sampling duration.
They are unique among the schemes considered in that they
cause the flow indication to be independent of repetition
rate,

2. Auxiliary Circuits

In the flowmeter circuits some uncommon diode con-
figurations appear in conjunction with signal amplifiers.
One of these, the voltage bridge, referred to in Section

II-B.3., is used as an additional feedback path to limit an
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amplifier input when the output would otherwise exceed the
limit voltage. This prevents saturation of the active ele-
ments (transistors) of the amplifier., If saturation is
allowed to occur there may be damage to components, excessive
time required for recovery and/or oscillatory behavior as a
result of network parameters being disturbed. Of course,

for this limiter to be effective, the amplifier must be stable
under the condition of unity feedback.

A simple voltage bridge is shown in Fig. 11(a).
For small input voltages the input and output terminals are
isolated except for the reverse leakage and reactance of the
Zener diode (and one output diode). Above a certain fixed
voltage, determined principally by the Zener diode, the out-
put differs from the input by this voltage. This relation-
ship is described by the table in Fig. 11(B) if v, and
V, are ignored and vg and v, are considered to be zero.
The various v's are actually nonlinear functions of current
but for most purposes they may be considered constant, i.e.,
0.6 volts for silicon and 0.25 volts for germanium devices

in forward conduction,

The circuit of Fig. 11(B) may be used to prevent
the diode reverse currents from seriously compromising the
precision of an amplifier feedback path., Its mid-range
attenuation is very high because it is a ladder configura-
tion in which series and shunt elements are respectively
represented by diode reverse leakage and forward conductance.
In the case of either A or B in Fig. 11, V_  will be
the amplifier input (or error) voltage and V, its output
voltage. It is possible for circuit A to be admissible
when its output is shunted by a current bridge, to be de-
scribed next. This may be desirable when the latter is

necessary for some other reason.
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The current bridge, Fig. 12, is effectively a two-
terminal device having the property that the voltage between
the input and reference (or ground) terminals is very nearly
zero until the input current exceeds some fixed amount. If
it is capacitively coupled to an amplifier output, it may
he used to develop an inhibitory input voltage when the
amplifier output voltage rate-of-change (slewing rate) exceeds

this current, that is, when
dav E
lex !> R -

It is worth noting that the avalanche voltage of
a Zener diode is specified only at a given current, This
current can be supplied by means of a current bridge on the
output of the simplest voltage bridge, or inherently by the
circuit of Fig. 11(B). In either case the effective limit
voltage will be determined by a Zener diode operating at the
current for which the diode voltage was specified by the

manufacturer,

The current bridge has another very useful property.
A voltage applied to the input terminal will, in effect,
cause a current to flow in the ground circuit in a direction
determined by the input polarity and of a magnitude deter-
mined by the corresponding resistance and effective supply
voltage., The current may be established with great preci-
sion by making the supply voltage large in comparison with
the uncertainty in diode voltage drop.

A current bridge is used to generate a trapezoidal
voltage of great precision. The bridge input terminal is
connected to a square-wave voltage source and its reference

terminal is connected not to ground but to the input terminal
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of an operational amplifier. The amplifier feedback path
consists of a parallel combination of a capacitor and two
zener reference diodes oppositely oriented. These diodes
not only have an exceedingly small temperature coefficient
at the current established by the bridge, but, being compos-
ite, do not conduct in the reverse direction. The bridge
current and the feedback capacitance precisely determine the
trapezoid slope, while the reference diodes determine its

upper and lower limits.

The voltage bridge of Fig. 11(B) may be applied as
a feedback limiter even in conjunction with amplifiers of
large bandwidth; for example, the second amplifier of Fig. 10.
Here the bandwidth must be great to hasten the decay of
positive tails (Fig. 3), and the composite signal, especially
its artifact or spike component, may be very large. But the
bridge must be applied carefully in this case for reasons
which are easily overlooked.

Let us assume that the amplifier shown in Fig. 13(A)
is the second amplifier of ithe flowmeter, but that its input
comes from an unspecified source capable of being inhibited
(or limited) by means of a voltage bridge on the amplifier
output. Assuming that the amplifier requires negligible
signal current, the summing network input and feedback cur-

rents may be equated:

. vV, - v Vg + v
=l = R .
st R 2

Now suppose that a spike appears which does not exceed the
limit voltage V at the amplifier output. This spike is
transmitted through the high-pass network ¢€l, R1l, and
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appears at the amplifier output with a tail which results
from Cl being charged by the input current. This current °*
is proportional to the amplitude K of the input signal
KV,(t). The output voltage V_ 1is a linear function of

this current., The subsequent compensator networks act upon

C
’_-I
cr
Il
U]
M
ct
Q
¢!
H
QO

this v ;
nullifies the tails. If limiting did take place, the tails
would still be nullified. The crucial condition is that for
the compensation to be effective V, must be proportional
to the capacitor current. If the voltage bridge were simply
connected across R, and limiting took place, this condi-
tion would not be satisfied. But it is satisfied handily
by the circuit of Fig. 13(B). Limiting takes place when the
second amplifier output voltage differs from that at the
capacitor by the limit voltage V. The capacitor voltage
depends upon the offset voltage of the first amplifier (Fig.
10) which in practice remains less than 10 per cent of the
maximum output capability of the second amplifier. It is
therefore possible to set the limit voltage so that at least
90 per cent of the output voltage capability of the second

amplifier is utilized.

3. Demodulators

The demodulator is required to recover the flow
signal by inverting and adding the stored average of a sample
of the composite signal taken during one half cycle of the
flow signal to that taken during the other half cycle. This
must be done despite the fact that the alternating signal
of interest is superimposed upon low-frequency-noise and
spikes which may be one hundred times its maximum possible
average amplitude, or one hundred thousand times the small-

est quantity that the system must resolve.
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Any circuit which will function as a demodulator
of the flow signal may be described by appropriate conditions
upon the switches of Fig., 14, Circuit IA employs two
grounded capacitors which are charged by electronically
switching them alternately to the composite-signal source
through a series resistor. The demodulated flow signal then
appears as the difference between the capacitor voltages,
i.e,, v, - Vg . These RC networks tend to average out
high frequency noise by acting as low-pass filters. This
circuit, though simple and straightforward, is difficult to
implement. The voltage sources are charged capacitors.

When one is not connected to the signal source it is being
discharged at a rate proportional to its terminal voltage
which in the worst case will be high and to the conductance
of the subsequent circuit. The effect of this discharging
is to add to the demodulated flow signal an alternating one
which may be of much greater amplitude unless the repetition
rate and/or load resistance is made very high, and will not
be of zero average value unless the time constants of the
two halves of the circuit are equal. Moreover, the subtrac-
tion must be performed by inverting one signal and adding -
the result to the other. But a small error in the gain of
the amplifier inverting a large signal will result in an
error which is large relative to the difference signal which
is sought. The precision required of such an inverting

amplifier is probably not attainable.

In circuit IB, the inversion is performed at the
input. A smooth response to constant flow is obtainable by
addition but not by direct resistive summation (Kirchoff
addition), although the feasibility of the latter might
seem to follow from the following observations, If two
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identical grounded capacitors Cl and C2 having arbitrary
terminal voltages are connected by two identical resistors

in series, the arithmetical average of the capacitor voltages
remains at the junction of the two resistors even though the
capacitor voltages are changing as a result of current flow
through the resistors. The junction voltage is (Vc1 + ch)/é
because of the simple resistive voltage divider. The changes
in capacitor voltages are equal and opposite: each is equal
in magnitude to Il/leIdtl. But in practice, as in the
preceeding case, one capacitor voltage decreases in magni-
tude during the time that the other does not. The same

type of AC output component is produced, but a mean value

of zero for this may be easier to obtain because of the
symmetry of the circuit. However, the problem of precise
signal inversion is only slightly less acute before demodula-
tion than it is after.

In circuit IIA each capacitor is charged as before,
but the subtraction is performed by joining their upper ter-
minals. At this time the difference voltage appears as V4.
Because it is small and directly proportional to the informa-
tion sought, extraordinary amplifier gain stability is not
required as in the preceeding methods. But the flow infor-
mation is discontinuous and must be stored. Circuit IIB
is included only for completeness.

The remaining circuit III requires subtraction of
low-level signals and requires only switches which have one
side grounded. This means that the switching may be done by
means of low-level switching transistors characterized by
low off-set and drift voltages, and that the base current
for each of these need not be supplied by a transformer
secondary as it would be if the switches were required to
be "floating." The disadvantage of this method is that
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during Tc when both switches are open an immense artifact

can appear as a common mode signal., It is not practicable

to build a precise differential amplifier having very high
input impedance which will reject such a signal. Disconnect-

ing the demodulator from the source during this time by means
of o flecating switch, would cause the demodulator input to
be practically indeterminate (all switches open); short-
circuiting the input would introduce a sudden step as great
as the DC level there. But limiting the source voltage

(and its rate-of-change) to whatever the switches (and
isolation amplifiers) can handle by means of feedback from
the isolation amplifier outputs to the input of the demodu-

lator driver amplifier is quite practicable,

Figure 15 shows the general form of the demodula-
tor which was adopted after the considerations above. There
is shown a driver amplifier, the switched RC network which
performs the demodulation, two very high impedance, small-
signal, isolation amplifiers, and a feedback system for the

limitation of signal voltages and their rates of change.

While one of the switches is closed its associated
capacitor and the resistor R constitute a low-pass filter,
with the capacitor voltage tending toward the average value
of the composite signal E . The other capacitor terminal
voltage remains fixed at the value acquired during the pre-
vious half cycle. Except for the noise components, the
difference between these voltages is the analog in magnitude
and polarity of the magnitude and direction of flow. 1In
general, there will be a current (E, - E, )/R flowing when
the switch is opened, at which time each switch voltage
Ea’ EB will jump by the identical amount EO - El and

then each, offset by a fixed amount, will follow E_.
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Typically E  is limited in magnitude by the voltage bridge
marked v, to about 30 volts, and it can change by almost
twice this much if it is near one limit when a spike arrives,
while the voltage across the switching transistor must be
limited to 5 volts. This can be accomplished by limiters

acting upon signals from the isolation amplifiers.

An isolation amplifier circuit consists of a dif-
ference amplifier, and, a feedback resistor R2 and an

input resistor R, which meet at the amplifier (-) input
terminal,

If R, 1is grounded, the overall gain is:

e R; + R,

=

R, +-(-l;- (Ry + R,)

where eg is the output voltage and e, is the voltage at
the (+) input terminal. For equal resistances and suffi-
ciently high internal gain it may be assumed that the signal
e, 1is doubled and that a signal applied to R, 1is inverted
by the circuit. Hence referring to Fig., 15, Ea appears
doubled at the output of the first isolation amplifier and
reappears at the junction of R,., and R,  , which are
equal, and at the voltage bridge marked v, and the capaci=-
tor Cl. When the Zener current in V2 and/or the current
in Cl exceeds that in the current bridge (|I|), the excess
signal at the driver amplifier input is nullified in a manner

which will be discussed in Section III-A.2 on the Third
Amplifier.

The second isolation amplifier inverts the output

of the first and adds to it twice the value of its input EB
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to form the "instantaneous" flow signal, EB is recovered

by means of a summation by equal resistances R,, and R,

and actuates another limiting circuit when it exceeds V

4
l.
All necessary slew-rate limiting is provided by Cl, since

this type of limiting is only required when both switches

are open and during this time Ea and E vary identically.

=

The demodulator responds to high-frequency noise
and flow information in essentially the same manner as a
simple low-pass filter. Its response to low-frequency phe-
nomena is quite different. Suppose that the input is a
positive-going ramp of very moderate slope beginning during
Tp (Fig. 3). The output follows this ramp to the end of
TA and remains constant until the beginning of TB when
it becomes negative-going. It is, therefore, trapezoidal
with a peak-to-peak amplitude and average value proportional
to the slope of the ramp and to the sampling time. The
polarity of the average is positive or negative according
to the direction of the ramp. In other words, low frequency
noise is acted upon as though by a differentiator followed
by a low-pass filter, and it may be decreased by increasing
the sampling rate. It may also be decreased by lowering the
cut-off frequency of the filter but this would decrease the
information bandwidth.

L, Timing

The timing generator produces a periodic unidirec~
tional pulse C of such duration as to s